Returning a cold sample containing the ices from a cometary nucleus has long been an unachievable goal of cometary scientists. The results from the Deep Impact encounter with comet Tempel 1 suggest that the task is much easier than previously thought. Thus a cold sample return with ice becomes an achievable goal.
Introduction
Deep Impact delivered 19 Gjoules of kinetic energy to the nucleus of comet 9P/Tempel 1 on 4 July 2005 in order to investigate the composition and structure of the cometary nucleus. During that same season, Hayabusa was landing on and attempting (we hope successfully) to collect a sample for return to Earth from the surface of asteroid (25143) preserve the ices from the cometary nucleus. Because of the large uncertainty in cometary properties, such a mission has generally been found to be too complex to be affordable. The results from Deep Impact have greatly narrowed the range of properties that must be considered in designing such a mission and have therefore dramatically reduced the complexity and cost. This leads to the conclusion that the next generation of sample return missions after Hayabusa and Stardust should realistically include returning a cold sample, with ices, from a cometary nucleus.
The major factors that have limited our ability to design a mission have been the lack of knowledge about the strength of the material near the surface of the cometary nucleus and a similar lack of knowledge about the depth at which the ices would be found. Other parameters, such as the density of the material and the strength of the gravitational field of the nucleus, have also been unknown and are important for the detailed engineering of the mission, but they are not quite as critical for conceptually designing the mission. Estimates of the strength of the material have ranged from totally strengthless to the strength of competent rock. This remarkably wide range of strength impacts both the ability to penetrate the material for sampling and the ability to hold the spacecraft on the surface against any forces, such as the act of sampling itself, that act to lift the spacecraft off the surface. The splitting of comet D/Shoemaker-Levy 9 allowed determination of an upper limit of
for the strength at scales near 1 km (e.g. Sekanina 1996 Sekanina , 1997 and similarly low limits can be deduced for other a variety of splitting events (see the review by Mendis et al. 1985) , but the general geological experience that strength decreases as spatial scale increases left the strengths at smaller scales unconstrained. Estimates by modelers of the depth to which volatiles are depleted in a homogeneous, spherically symmetric nucleus have ranged from 10 cm to © ¡ , while observers, in order to explain the jets seen in the coma, have generally talked about heterogeneous surfaces with active areas driven by ice exposed at the surface. Deep Impact has placed narrow constraints on these properties. 
Results from Deep Impact
The key preliminary results from Deep Impact were summarized by A 'Hearn et al. (2005) , along with a selection of ground-based results that appeared at the saame time, and additional results were reported by Sunshine et al. (2006a) . Additional results both from the spacecraft team and from remote sensing observers will be reported by many authors in a special issue of Icarus that is being prepared at the time of this writing. Results from a wide variety of remote sensing observations have also been presented in various places and are also included in that special issue of Icarus. In the following sections we address successively some of the key questions that are crucial for even a conceptual design of a nuclear sample return mission and use the results from Deep Impact to answer the questions.
Strength of Material
The first key question in a sampling mission is to determine what kind of equipment is needed for obtaining the sample and this depends critically on the strength of the material that one is sampling.
The experiment by Deep Impact provided various constraints on the strength, both directly from observations of the ejecta cone to determine the roles of strength and gravity in forming the crater and indirectly by measuring other properties that are correlated with strength.
The strength has been estimated directly from Deep Impact's experiment by Melosh (2006, 2007) , who have simulated the entire sequence of images of the ejecta through lookback (75 minutes after impact). They conclude that the upper limit on the strength is The model does not include any effects due to gaseous drag on the solid ejecta, but most of the gas is water that is vaporized from solid ice grains on a time scale of hours after excavation. This suggests that the hydrodynamic drag forces occur so late and at such low densities that they are not a major factor, but this must be taken into account in a future model. Housen (2006, 2007) have criticized the value of the upper limit on the strength and have suggested that the upper limit could be as high as 12 kPa, or possibly even 65 kPa, while remaining consistent with the observations, basing their conclusions on an empirically based scaling relationship to determine the relationship between strength and minimum velocity of the ejecta. They also ignore gaseous drag in accelerating the ejecta. Regardless of which value is correct, the upper limit on the strength is orders of magnitude less than the high end of the range of strengths that had been assumed for engineering purposes in the past.
Other key aspects of the cratering event have been discussed by Schultz et al. (2007) , who describe several phenomena based on comparison with hypervelocity impact experiments into porous targets in the laboratory. They note that the uprange rays of ejecta are from only the topmost layer of the target, specifically from a layer that is less than an impactor diameter in thickness. These rays are observed to detach from the impact site during the excavation phase indicating a layered structure within one impactor diameter of the surface. They also note that the ejecta are biased in the downrange direction initially and that this material is all near-surface, coming from depths up to an impactor diameter or so. At later stages, the ejecta become more circularly symmetric, although never closing to complete symmetry uprange, and represent material from greater depth.
Other indicators of very weak material include the apparent advance of the ejecta curtain across the surface many hundreds of seconds after impact in deconvolved images taken near closest approach, the inferred diameter of the crater as 150 to 200 m (Schultz et al. , 2007 , and the total amount of material that escapes the comet, of order ¡ ¢ kg between the ice and the more refractory grains Sugita et al. 2006; Küppers et al. 2005) . While strength may matter at the very end of the excavation, the ensemble of evidence requires a particulate, high-porosity, weakly bonded surface. 
Texture
Although the overall strength is very low, these values do not address the question of the small-scale variations in strength, i.e. the texture. Would a drilling experiment run into isolated solid rocks that could lead to sampling problems? We argue that boulders as large as a few meters are not present anywhere in our excavated area since boulders that large should appear as bright, point sources within the ejecta at our spatial resolution.
We also know that the size distribution of the ejecta is different from that of the ambient outgassing.
On approach, the impactor was hit by four "dust particles" that were large enough to be detected by, and corrected for by, the Attitude Determination and Control System (ADCS). There were 3 particles between 1 and 10 mg and 1 particle of roughly 0.5 g. To within the uncertainty of small number statistics, these particle hits were quite consistent with a standard power law for the size distribution that had been deduced from far-infrared measurements of comet Tempel 1 by IRAS as shown in Figure   1 . This power law was the basis of the predicted fluence, both for the flyby spacecraft (Lisse et al. 2005 , Figure 8 ) and for the impactor, shown here. Schleicher et al. (2006) and by Richardson and Melosh (2007) . This argues that the larger particles that are normally present in the comae of comets are relatively fragile, easily fragmented in the excavation shock, and likely not a hazard to sampling at small scales.
We also note that the thermal measurements discussed below, which imply negligible thermal inertia across most of the nuclear surface, are not easily explained unless solid rocks larger than a few cm are extremely rare, since they would provide measurable thermal inertia if they were common.
Depth of H §

O Ice
We note first that Deep Impact did detect ice on the surface of the nucleus (Sunshine et al. 2006a ).
The ice detected by Sunshine et al. covers only a very small fraction (3%) of a small area (0.5 km § ) and is therefore unrelated to the bulk of the outgassing by the comet. Given the location of the ice on the surface, it seems extremely likely that this ice is a byproduct of the process that leads to sunrise outbursts on this portion of the nucleus (A 'Hearn et al. 2005) . Despite a contrary view by Keller and Küppers (private communication), we think that this ice is unrelated to the primordial ice in the cometary nucleus. Thus, while a sample of this ice would be eaasily obtainable and might be valuable for understanding outburst processes and recondensation, it is likely not useful for understanding the formation of comets. Elsewhere on the nucleus, the ice is clearly not present, at least it exhibits less than 1% surface coverage per pixel or it would have been seen. The ice is that drives the comet is below the surface and the important question is how deep the ice is, both the water ice and the more volatile ices. This will be addressed with a variety of evidence.
Spectra of the downrange ejecta immediately after impact show that crystalline ice grains, typically a few microns in size, are present in the downrange ejecta within 2 seconds of impact (Sunshine et al. 2006b ). . Middle is depth of ice absorption and bottom is gaseous H ¡ O emission. The first spectrum after impact is saturated over many pixels but ice is clearly present by the third spectrum, 2 sec after impact. Adapted from Sunshine et al. 2006b. showing the strength of the absorption feature due to icy grains at a wavelength of . At the top of the image, the time is prior to impact and each row in the image corresponds to an 0.7-sec exposure, with essentially no dead time between spectra. Within 3 spectra (2 sec) after impact, ice has appeared in the downrange ejecta. As discussed by Schultz et al. (2006 Schultz et al. ( , 2007 , these downrange ejecta are almost entirely from the near-surface region, within one impactor diameter of the surface. Thus ice must be present within the top meter of material. Sunshine et al. (in preparation)) also show spectral maps of ice obtained at a later time that show no ice in the uprange ejecta. Based on the experiments of Schultz et al. implying that the uprange rays are formed from material excavated even closer to the surface than the downrange ejecta, we conclude that a very thin layer of the nucleus (few cm) is without ice and that a lower layer, no more than tens of cm from the surface, contains ice.
Associating the ice with the layering in strength, discussed by Schultz et al. , that separates the uprange rays from the impact site seems obvious since those same rays are the ones that do not show ice.
There is a variety of other evidence that yields a similar conclusion. The first thermal map of a cometary nucleus has been described in detail by Groussin et al. (2006 Groussin et al. ( , 2007 . The key point is that all Adapted from Feaga et al. 2007. areas where the sun is at moderate or high elevations are in local thermal equilibrium with the sunlight.
This indicates that the surface temperatures (at a spatial resolution of
) are not reduced by any sublimation. The upper limit on the thermal inertia (
) can be used, with reasonable assumptions, to determine the depth to which the thermal waves penetrate, the diurnal wave reaching approximately 10 cm and the annual wave reaching to about 1 m. These set severe constraints on interpreting the data regarding outgassing and activity. Feaga et al. (2006 Feaga et al. ( , 2007 have produced the first ever spectral maps of the innermost coma of a comet, mapping within a few nuclear radii at spatial resolutions better than 1 km. shows that the water appears to come predominantly from regions where the sun is at high elevations,
i.e., from the subsolar region and from regions toward the equator in the vicinity of the noon meridian.
This implies that the water ice must be below the surface (there is no ice on the surface in this region as shown by Sunshine et al. 2006) but that it must be near enough to the surface that it is sensitive to the diurnal thermal wave. This implies that, at least in that part of the nucleus, the water ice is no deeper than 10 to 20 cm.
In summary, the H § O ice is very close to the surface and thus within easy reach of a variety of sampling mechanisms.
Depth of More Volatile Ices
A true understanding of cometary formation requires understanding how the various ices are mixed.
Thus, a sample that returns water ice can place constraints on the formation scenario, via the crys- ), including considerable emission either from the negative pole, which is in darkness, or projected in that direction but actually in the wall of the cone traced by the dust jet seen in Figure 5 . The sun (ecliptic west) is to the right and ecliptic north is at the top.
Adapted from Feaga et al. 2007. tallinity and the D/H ratio and its variation, but a sample that includes both H § O and more volatile ices is far more valuable for understanding the mixing of species. Although CO is normally discussed as the dominant ice that is more volatile than H § O and the main driver of activity at large heliocentric distances, the responsivity of our spectrometer to CO is low. On the other hand, our data taken from entirely outside Earth's atmosphere show a strong signal from CO § Even super-volatiles, species much more volatile than CO § , must be within the uppermost 10-20 meters, since Mumma et al. (2006) observed a substantial increase in the abundance of ethane, C § H , after the impact. At this point in the analysis of our own spectra, we can not set any better limits on the depth of other volatiles but further analysis should yield additional results.
Discussion
Taking the above arguments at face value, and assuming for lack of contrary evidence that the results at Tempel 1 are "typical" of Jupiter-family comets, we see that for practical purposes there is no significant ice on the surface but that the bulk of H § O ice is within 10 cm of the surface, that CO § ice is within 1 m of the surface, that the refractory particles in the surface layers are predominantly very weak aggregates, that there are no strong boulders larger than a few meters, and that the surface material is predominantly very weak aggregates of micron-sized grains. What are the implications for sample return missions?
It is clear that previous worries about needing to penetrate strong materials are no longer a concern.
One needs to penetrate only quite weak material, even if the values by Holsapple and Housen are correct. Furthermore, penetration to a depth of 2 meters would sample not only H § O ice but also more volatile ices. The strength suggests that a sample return could be achieved by a simple coring approach while the spacecraft is held down by thrusters rather than having to anchor to the surface.
This paper is not meant to provide engineering details, which require substantially more thought, but to indicate the feasibility of sample return missions that bring back ices from a cometary nucleus. The paper assumes that the results at this spot on the nucleus of Tempel 1 are really representative of all comets, but this is a necessary assumption at this stage of our exploration of small bodies. This can easily be tested with other impact missions and will be tested by the Rosetta mission, but we argue that planning of sample return missions need not wait for that confirmation.
These results will be more directly tested when Philae, the lander of the Rosetta mission, measures the surface properties of comet 67P/Churyumov-Gerasimenko in 2014, but the present results are sufficient that it is not necessary to wait for that to occur before planning sample return missions.
